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Abstract
A particularly simple Lorentz-violating modification of the Maxwell theory of photons maintains
gauge invariance, CPT, and renormalization. This modified-Maxwell theory, coupled to standard
Dirac particles, involves nineteen dimensionless “deformation parameters.” Ten of these parameters
lead to birefringence and are already tightly constrained by astrophysics. New bounds on the
remaining nine nonbirefringent parameters can be obtained from the absence of vacuum Cherenkov
radiation for ultrahigh-energy cosmic rays (UHECRs). Using selected UHECR events recorded at
the Pierre Auger Observatory and assigning pseudo-random directions (i.e., assuming large-scale
isotropy), Cherenkov bounds are found at the 10−18 level, which improve considerably upon current
laboratory bounds. Future UHECR observations may reduce these Cherenkov bounds to the 10−23
level.
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I. INTRODUCTION
It is possible that entirely new phenomena at the high-energy frontier of elementary
particle physics (with characteristic energy EPlanck ≡
√
~ c5/G ≈ 1.2 × 1019GeV) lead to
Lorentz-violating effects in the low-energy theory, in particular, the Maxwell theory of pho-
tons. The simplest CPT–invariant Lorentz-violating modification of the quadratic Maxwell
action involves nineteen dimensionless parameters [1, 2, 3].
Existing bounds on these nineteen “deformation parameters” of modified-Maxwell the-
ory are as follows: ten birefringent parameters are bounded at the 10−32 level or better from
astrophysics (see Refs. [4, 5] and references therein) and nine nonbirefringent parameters
are bounded at the 10−16 level or worse from laboratory experiments (see Refs. [6, 7, 8] and
references therein).
Following earlier suggestions [9, 10], it has been noted [11, 12] that ultrahigh-energy
cosmic rays (UHECRs) have the potential to place further limits on these nonbirefringent
parameters by the inferred absence of “vacuum Cherenkov radiation.” In fact, Ref. [12]
already gave a bound at the 10−17 level on one nonbirefringent parameter from the existing
UHECR data (cf. Refs. [13, 14]). In this article, we obtain even better bounds for all
nine nonbirefringent parameters from selected UHECR events recorded by the Pierre Auger
Observatory [15] over the period January 2004 to February 2006 [16].
The present article is organized as follows. In Sec. II, we review the theory considered,
quantum electrodynamics with a modified-Maxwell term, and establish our notation. Also,
we recall the Cherenkov threshold condition on which our bounds will be based. In Sec. III,
we discuss the selection of an appropriate set of UHECR events from two years running
of the partially completed Auger experiment. In Sec. IV, we obtain from the Cherenkov
threshold condition and the selected Auger events (with pseudo-random directions) the
promised bounds on the nine deformation parameters of nonbirefringent modified-Maxwell
theory. In Sec. V, we summarize our findings and compare these new astrophysics bounds
with previous laboratory bounds.
Throughout this article, we employ Cartesian coordinates (xµ) = (x0,x) = (c t, x1, x2, x3)
and the Minkowski metric (ηµν) = diag(+1,−1,−1,−1). Indices are lowered with the
Minkowski metric ηµν and raised with the inverse metric η
µν . Repeated upper and lower
indices are summed over (Einstein summation convention). The direction of a 3–vector x is
given by the unit 3–vector x̂ ≡ x/|x|. Natural units with c = ~ = 1 are used, unless stated
otherwise.
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II. THEORY
A. Nonbirefringent modified-Maxwell theory
The action of modified-Maxwell theory [1, 2, 3] is given by
SmodM =
∫
R4
d4x
(
− 1
4
(
ηµρηνσ + κµνρσ
)
Fµν(x)Fρσ(x)
)
, (1)
where Fµν(x) ≡ ∂µAν(x) − ∂νAµ(x) is the standard Maxwell field strength of gauge fields
Aµ(x) propagating over flat Minkowski spacetime with a metric ηµν as defined in Sec. I. Here,
κµνρσ corresponds to a constant background tensor (with real and dimensionless components)
having the same symmetries as the Riemann curvature tensor and a double trace condition
κµνµν = 0, so that there are 20 − 1 = 19 independent components. All components of
the κ–tensor in (1) are assumed to be very small, |κµνρσ| ≪ 1, in order to ensure energy
positivity [2]. The photonic action term (1) is gauge-invariant, CPT-even, and power-
counting renormalizable (cf. Ref. [17]).
In order to restrict modified-Maxwell theory to the nonbirefringent sector, the following
Ansatz for κµνρσ has been suggested [3, 11]:
κµνρσ = 1
2
(
ηµρ κ˜νσ − ηνρ κ˜µσ + ηνσ κ˜µρ − ηµσ κ˜νρ ), (2)
in terms of the nine components of a symmetric and traceless matrix κ˜µν ,
κ˜µν = κ˜νµ , κ˜µµ = 0 . (3)
The nine Lorentz-violating “deformation parameters” κ˜µν , called “coupling constants” in
Ref. [12], can be rewritten as follows:(
κ˜µν
) ≡ κ00 diag(1, 1
3
, 1
3
, 1
3
)
+
(
δκ˜µν
)
, δκ˜00 = 0 , (4)
with one independent parameter κ00 for the spatially isotropic part of κ˜µν and eight inde-
pendent parameters in δκ˜µν . For later use, we already define
~α ≡


α0
α1
α2
α3
α4
α5
α6
α7
α8


≡


α˜00
α˜01
α˜02
α˜03
α˜11
α˜12
α˜13
α˜22
α˜23


≡


(4/3) κ00
2 δκ˜01
2 δκ˜02
2 δκ˜03
δκ˜11
δκ˜12
δκ˜13
δκ˜22
δκ˜23


, (5)
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where ~α denotes the corresponding vector in the parameter space R9 with squared Euclidean
norm
|~α|2 ≡
8∑
l=0
(
αl
)2
. (6)
At this moment, it can also be mentioned that, for modified-Maxwell theory, the phase
velocity is given by vphase ≡ k̂ω/|k| = c k̂
(
1 − Ξ(k̂)), with a dimensionless function Ξ
depending on the wave vector direction k̂ and the components of the κ–tensor [12]. This
result implies that, for modified-Maxwell theory, the phase velocity vphase and the front
velocity vfront ≡ lim|k|→∞ vphase(k) are equal for each direction k̂. Moreover, the phase and
group velocities are equal to leading order in the Lorentz-violating parameters, vgroup ≡
∂ω/∂k = vphase + O(κ˜
2). Recall that the front velocity is the relevant quantity for signal
propagation and causality and that the group velocity at the dominant frequency component
of a broad wave packet gives the velocity of energy transport; see, e.g., Refs. [18, 19].
We now add spin–1
2
particles with electric charge e and mass M to the theory, taking
the usual minimal coupling to the gauge field [17]. The action of these charged particles is
assumed to be Lorentz invariant, so that, for the particular spacetime coordinates employed,
the Lorentz violation of the combined theory resides solely in the κ term of (1). Specifically,
the action with the standard Dirac term included is given by
SmodM+standD = SmodM +
∫
R4
d4x ψ(x)
(
γµ
(
i ∂µ − eAµ(x)
)−M)ψ(x) . (7)
Note that the maximal attainable velocity of this charged particle equals c, which may
or may not exceed the phase velocity of light discussed in the previous paragraph. See
Refs. [20, 21, 22] for further discussion on microcausality in Lorentz-violating theories and,
in particular, Eq. (50) of Ref. [21] for microcausality in the fermionic c00–model, which is
formally related to a special case of modified-Maxwell theory (7) by an appropriate linear
coordinate transformation [3, 11].
As mentioned in the Introduction, new phenomena at the energy scale EPlanck ≈ 1019GeV
may lead to Lorentz violation in the low-energy theory, possibly described by modified-Max-
well theory (1). The crucial point to realize is that, a priori, the Lorentz-violating parameters
κµνρσ need not be small (e.g., suppressed by inverse powers of EPlanck) but can be of order
unity [23, 24, 25]. For this reason, it is of importance to obtain as strong bounds as possible
on all deformation parameters κµνρσ.
B. Cherenkov threshold condition and UHECR bounds
Vacuum Cherenkov radiation for modified quantum electrodynamics (7) with the pho-
tonic action (1)–(2) has been studied in the classical approximation by Altschul [11] and at
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tree level by Kaufhold and Klinkhamer [12]. As explained in Ref. [12] (see also Ref. [10]),
the radiated energy rate of a primary particle with point charge Zprim e, mass Mprim > 0,
momentum qprim, and ultrarelativistic energy Eprim ∼ c |qprim| is asymptotically given by
dWmodM(qprim)
dt
∼ Z2prim
e2
4π
ξ(q̂prim) E
2
prim/~ , (8)
where the nonnegative dimensionless coefficient ξ results from appropriate contractions of
the κ–tensor (2) with two rescaled q–vectors. The coefficient ξ may or may not depend on
the primary particle direction q̂prim.
The asymptotic behavior shown in (8) holds only for particle energies Eprim well above
the Cherenkov threshold, which has the following order of magnitude:
Ethresh ∼Mprim c2/
√
κ˜ , (9)
for an appropriate scale κ˜ obtained from the κ˜µν components written in terms of the pa-
rameters αl (the scale κ˜ is effectively set to zero if Cherenkov radiation is not allowed). For
completeness, we mention that, at present, the most detailed study of vacuum Cherenkov
radiation has been performed for another Lorentz-violating theory, Maxwell–Chern–Simons
theory, and refer the reader to Refs. [12, 26, 27, 28, 29] for further discussion and references.
Continuing with nonbirefringent modified-Maxwell theory, it is now possible to derive
an upper bound on a particular combination of the deformation parameters αl from the
observation of a single UHECR event with a nuclear primary moving in the direction q̂prim
and having an ultrarelativistic energy Eprim ≫ Mprim c2. The argument is remarkably simple
[9, 10]: an UHECR proton or nucleus can arrive on Earth only if it does not lose energy by
vacuum Cherenkov radiation and this requires the particle energy Eprim to be at or below
threshold, Eprim ≤ Ethresh.
The caveat of this simple argument is that the radiation rate (8) should not be suppressed
by an extremely small numerical factor entering the coefficient ξ. But there is no reason
to expect the presence of such an extremely small numerical factor; cf. Refs. [10, 12]. In
fact, a recent calculation [30] of the tree-level spinor-particle radiation rate for the special
case of having only a single nonzero parameter α0 > 0 (i.e., case 2 of App. C of Ref. [12])
gives coefficient ξ(q̂prim) = (7/24)α
0 on the right-hand side of (8). With ξ of order κ˜ > 0,
the particle would slow down from an initial energy Eprim ≫ Ethresh to the threshold energy
Ethresh after having traveled a distance of the order of meters rather than parsecs (at least,
for the values of κ˜ and Eprim considered in this article).
It may be worthwhile to repeat that expression (8) holds for an electric point charge,
whereas we expect a form factor for a finite charge distribution with typical length scale
a ≡ ~ c/Λ; see also the discussion in Refs. [31, 32]. But this modification of the theory
would primarily affect the total radiation rate and not the energy threshold (9) on which
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our bounds are based, at least, for large enough cutoff Λ. Anyway, the theory considered in
this article is precisely the one given in Sec. IIA, without additional contact terms.
Using the explicit (direction-dependent) result [11] for the threshold energy (9), the con-
dition Eprim ≤ Ethresh can then be written as the following upper bound on the deformation
parameters (5) of modified-Maxwell theory (7):
R
(
α0 + αj q̂jprim + α˜
jk q̂
j
prim q̂
k
prim
) ≤ (Mprim c2/Eprim)2, (10)
with each index j and k summed over 1 to 3 and ramp function R(x) ≡ (x + |x| )/2. The
parameters α˜jk appearing in the argument of the ramp function on the left-hand side of (10)
are defined in (5), with α˜33 ≡ −α˜11 − α˜22 from the tracelessness condition (3).
Observe that, as expected on general grounds, bound (10) is invariant under a simulta-
neous rotation of q̂prim and appropriate redefinition of parameters α
1 · · ·α8. This becomes
especially clear if the argument of the ramp function on the left-hand side of (10) is written
as α0 + (α · q̂prim) + (β · q̂prim) (γ · q̂prim), with two orthogonal 3–vectors β and γ replacing
the 3–tensor α˜jk . In the same way, it is possible to absorb a parity-reflection of q̂prim by a
change of sign of the three parameters entering α, while leaving the other six parameters
unchanged.
In the following, we will use (10) to obtain bounds on all nine deformation parameters
αl from a sufficiently large number N of UHECR events distributed over a large enough
part of the sky (having primary energies En and directions q̂n, for n = 1, . . . , N) and an
appropriate value of Mprim.
III. DATA SELECTION
The Pierre Auger Collaboration has published a table of 29 UHECR events with energies
above 10 EeV ≡ 1019 eV [16]. In addition, the atmospheric depth of the shower maximum,
Xmax, was determined for all of these events. Since the presently available Auger results
indicate a mixed composition above 10 EeV [33] and our upper bound (10) scales withM2prim,
we aim at selecting events initiated by light primaries primaries such as protons or helium
nuclei. For this reason, we apply the following selection criteria to the list of 29 events from
Ref. [16]:
(1) Xmax/
(
g cm−2
) ≥ 750 + 50 ( log10 (E/EeV)− 1);
(2) ∆γ ≥ +2, where ∆γ quantifies, in units of standard deviation, the difference between
the observed Xmax and the average X
γ
max expected from primary photons [ see Eq. (1)
of Ref. [16] for the definition of ∆γ ];
(3) primary energy between 10 and 30 EeV.
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TABLE I: Simulated average shower-maximum atmospheric depth Xmax in units of g cm
−2, with
root-mean-square in brackets. Uncertainties are of the order of 3 g cm−2 for nuclear primaries and
5 g cm−2 for photons. The calculations were performed with CORSIKA [34] using two different
hadronic interaction models, QGSJET 01 (abbreviated Q) [35] and SIBYLL 2.1 (abbreviated
S) [36]. The asterisk (∗) indicates that, for primary photons above 1019.5 eV, the Xmax values
also depend on the direction of the event due to geomagnetic cascading (see, e.g., Ref. [37] and
references therein). For instance, the Xmax values at 10
20 eV range between 940(85) and 1225(175)
g cm−2, according to Ref. [38].
log10(E/eV) 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
Q—p 695(65) 725(65) 755(65) 775(65) 800(60) 820(60) 845(55) 865(55)
Q—He 665(45) 697(45) 725(45) 750(45) 775(40) 800(40) 825(38) 850(35)
Q—O 693(31) 717(30) 745(30) 780(30) 800(28)
Q—Fe 600(25) 632(22) 664(22) 695(22) 725(20) 755(20) 782(20) 810(20)
S—p 740(65) 800(60) 860(55) 885(50)
S—Fe 640(22) 700(22) 755(20) 785(20)
photon 915(60) 975(70) 1075(95) (∗) (∗) (∗)
The first (and most selective) criterion aims at rejecting heavier nuclei. The chosen Xmax
parametrization roughly follows the average Xmax values expected for helium nuclei. Thus,
about half of the number of helium nuclei are rejected by this cut, while keeping the majority
of protons. Oxygen and iron nuclei are rejected at a high level. In terms of the parameter
∆prim, the selected events roughly have ∆oxygen ≤ −1 and ∆iron ≤ −2, respectively. Table I
gives some calculated values for Xmax as a function of primary energy and primary type
(hydrogen, helium, oxygen, and iron nuclei and photon).
The second criterion is to ensure no contamination from primary photons, as neutral
photons would not emit vacuum Cherenkov radiation at tree level. In fact, all 29 events
from the original table of Ref. [16] already have ∆γ ≥ +2.
The third criterion provides for a more homogeneous sample, but can certainly be relaxed
in a future analysis. We have also accounted for the increased missing-energy correction in
case of a nuclear primary, that is, the energies given in Ref. [16] (which refer to photon
primaries) were increased by 7%, according to Ref. [39].
In total, 15 events remain which are listed in Table II. The corresponding event di-
rections have not yet been published by the Pierre Auger Collaboration. Shown in Ta-
ble II are pseudo-random directions chosen from uniform distributions of right ascension
7
TABLE II: Selected Auger events from Ref. [16]: event identification number, primary energy E
[EeV], shower-maximum atmospheric depth Xmax [g cm
−2], and pseudo-random event directions
with right ascension RA′ ∈ [0◦, 360◦] and declination δ′ ∈ [−70◦, 25◦]. The primes on the ID
numbers are to emphasize the nonreality of these event directions, which can later be replaced by
the measured values RA and δ after their release by the Pierre Auger Collaboration (dropping the
primes on the ID Nos.).
ID No. E Xmax (RA
′, δ′)
668949′ 18 765 (356,−29)
673409′ 13 760 (344,−62)
828057′ 14 805 (086,−34)
986990′ 16 810 (152,−33)
1109855′ 17 819 (280,−30)
1171225′ 16 786 (309,−70)
1175036′ 18 780 (228,+17)
1421093′ 27 831 (079,+13)
1535139′ 16 768 (006,−62)
1539432′ 13 787 (153,−15)
1671524′ 14 806 (028,−63)
1683620′ 21 824 (024,−23)
1687849′ 17 780 (031,−23)
2035613′ 12 802 (079,−08)
2036381′ 29 782 (158,−03)
RA′ ∈ [0◦, 360◦] and declination δ′ ∈ [−70◦, 25◦], where the primes indicate the fictional na-
ture of these directions. Note that the presently known UHECRs at energies E ∼ 10 EeV are
consistent with the hypothesis of large-scale isotropy; see, e.g., Refs. [13, 14, 40, 41, 42, 43, 44]
for a selection of the available data.
All bounds of this paper are based on the values given in Table II, but, for the reason
given above, we expect that the same bounds are obtained from the actual event directions
when they are made available by the Pierre Auger Collaboration. Just to be clear, the
bounds of this article simply follow from having 15 UHECR events with more or less equal
energies of order 10 EeV and more or less random directions over a significant part of the
sky, the precise association of energy and direction being irrelevant.
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The average energy of the sample given in Table II is 〈E〉 ≈ 17 EeV with an uncertainty
of about 25% [45]. A larger uncertainty concerns the identity of the primary particle. We
estimate an average mass for the selected events of 〈Mprim〉 ≈ f × 5 GeV/c2, where the
factor f ∈ [0.2, 1.8] indicates the uncertainty (f = 0.2 refers to a pure proton beam, f = 1
to a mixed four-component primary composition which fits the Auger data [33], and f = 1.8
to the extreme case of no protons at all in the primary beam and a mixed three-component
composition). In the next section, we will use an even larger value of f , namely f = 3.2, in
order to obtain absolutely reliable bounds on the deformation parameters αl.
IV. UHECR CHERENKOV BOUNDS
Following up on the remarks of the last paragraph of Sec. II B, it is now possible to
determine numerically an exclusion domain in the ~α parameter space R9 from the N = 15
events of Table II and the Cherenkov threshold condition (10). This exclusion procedure
only works for those parameters ~α for which the phase velocity of light is strictly less than
the maximal attainable velocity c of the charged particle in theory (7), vphase < c. In fact,
this phase-velocity condition corresponds to having a positive argument of the ramp function
on the left-hand side of (10). Hence, the considered domain of parameter space is given by
D
(open)
causal ≡ {~α ∈ R9 : ∀bx∈R3 (α0 + αj x̂j + α˜jk x̂j x̂k) > 0}, (11)
with x̂ an arbitrary unit vector in Euclidean 3–space, indices j and k summed over 1 to 3,
and parameters α˜jk defined by (5). As mentioned in Ref. [12] and Sec. IIA, the condition
vfront = vphase ≤ c is, most likely, necessary for having a consistent and causal version of
modified-Maxwell theory, hence the suffix “causal” in (11). The other suffix “(open)” in (11)
denotes the restriction of the causal domain by use of the open inequality “(α0 + · · · ) > 0”
instead of the closed inequality “(α0 + · · · ) ≥ 0”, because no Cherenkov limits can be
obtained for vphase = c.
A hypersphere S8a of finite radius a in the subspace (11) can be found numerically, so
that for each ~α ∈ S8a the inequality (10) is violated for at least one event from Table II.
The excluded domain of parameter space then corresponds to the region on or outside this
hypersphere. Observe, namely, that the left-hand side of (10), for a positive argument of
the ramp function, increases by a factor λ under the scaling of ~α→ λ ~α with λ > 1, so that
inequality (10) is violated for λ > 1 if it is already for λ = 1.
In this way, the experimental data of Table II allow us to exclude the following region of
parameter space at the two–σ level:
Daexcluded = D
(open)
causal ∩ {~α ∈ R9 : |~α| ≥ a}, (12a)
a ≈ 3× 10−18
(
Mprim
16 GeV/c2
)2
, (12b)
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where |~α| is the standard Euclidean norm (6) and where the reference value for the mass
of the primary charged particle has conservatively been taken equal to that of oxygen (as
mentioned in Sec. III, most primaries in the sample are expected to be protons and helium
nuclei). The 2σ statistical error included in the number 3× 10−18 on the right-hand side of
(12b) is mainly due to the 25% energy uncertainty of the UHECRs.
The domain (12) gives only part of the excluded region, because at certain points on the
hypersphere S8a the excluded region pushes in. An interesting question, then, is how far
the excluded region extends inwards. A partial answer is given by the following result. It
is possible to establish numerically the existence of a hyperball B9b with finite radius b, so
that for each ~α ∈ B9b the inequality (10) holds for all events from Table II. Specifically, the
following domain of parameter space is found to be allowed:
Dballowed = Dcausal ∩ {~α ∈ R9 : |~α| ≤ b}, (13a)
b ≈ (1.5± 0.7)× 10−19
(
Mprim
16 GeV/c2
)2
, (13b)
with the approximate 1σ error in (13b) being mainly due to the energy uncertainty of the
UHECRs and using the same reference value for the mass Mprim as in (12b). The complete
allowed region may very well extend beyond the radius b, but not beyond the radius a as
given by (12b).
Returning to the exclusion domain (12), the corresponding 2σ bound on |~α| is given by
~α ∈ D(open)causal :
∣∣ ~α ∣∣2 ≡ 8∑
l=0
(
αl
)2
<
(
3× 10−18 )2 ( Mprim
16 GeV/c2
)4
, (14)
where, as argued above, a value of 16GeV/c2 for Mprim is entirely reasonable. With Lorentz
invariance violated by the modified-Maxwell theory, it is important to specify the reference
frame in which bound (14) holds, namely, the solar-system frame in which the cosmic-ray
energies are measured.
The new bound (14) is consistent with earlier expectations, as given by the one-sided
bound (C12) of Ref. [12] in a somewhat implicit notation. Remark that our new bound on
~α is also “one-sided” (vacuum Cherenkov radiation occurs only if the light velocity is less
than that of the charged particle), but, now, the one-sidedness is in a 9–dimensional space.
In order to be as clear as possible, the exclusion domain (12) has explicitly been given as an
overlap with the domain (11) defined at the beginning of this section and bound (14) has
been specified to hold for ~α in the same domain.
The domains (12) and (13), together with the resulting upper bound (14), have been
calculated from the measured (unprimed) energies and pseudo-random (primed) directions
shown in Table II. But, as mentioned in Sec. III, we expect that the same results are
obtained if the measured (unprimed) event directions are used.
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In closing, it may be helpful to rephrase our main result (14) as follows: considering
deformation parameters α0, . . . , α8 with a corresponding phase velocity of light less than
the maximal attainable velocity of charged particles, each of these nine parameters must
separately have a modulus less than the value a given by (12b) at the 2σ level. A more
detailed analysis of these bounds is left to the future when more UHECR events become
available.
V. SUMMARY
In this article, we have established an UHECR Cherenkov bound (14) on the nine de-
formation parameters (5) of nonbirefringent modified-Maxwell theory (1)–(2) coupled to a
standard Dirac particle, with total action (7). Three remarks may be helpful to clarify the
background and meaning of our result.
First, the derivation of bound (14) relies, strictly speaking, on the assumption of large-
scale isotropy of the arrival directions of 10–30 EeV cosmic rays, which is, however, supported
by all the available data (see Sec. III for further discussion). Second, this bound is essentially
“one-sided” as it applies only to parameters belonging to domain (11), which may, however,
correspond to a large part of the “physical domain” of the theory (see Secs. IIA and IV for
further discussion). Third, bound (14) holds for the theory as defined by the action (7) but
also applies to a theory with additional Lorentz-violating parameters cµν in the Dirac sector
[2], provided the parameters κ˜µν in bound (14) are replaced by the effective parameters
κ˜µνeff ≡ κ˜µν − 2 cµν [3, 11, 32].
Having clarified the background of our Cherenkov bound (14), it is to be remarked that the
corresponding bound at the 10−18 level for the spatially isotropic nonbirefringent deformation
parameter α0 improves significantly upon the direct laboratory bound at the 10−7 level
[6(c)] or the indirect (electron anomalous-magnetic-moment) laboratory bound at the 10−8
level [7(c)]. But also the other Cherenkov bounds at the 10−18 level for the nonisotropic
parameters αl, for l = 1, . . . , 8, improve considerably upon the direct laboratory bounds
at the 10−12 to 10−16 levels [8]. While we note that a consistent comparison of bounds
from laboratory and astrophysics data needs to be performed with great care (for example,
Ref. [8(b)] allows for independent Lorentz-violating parameters in the photonic and fermionic
sectors), the astrophysics bounds at the 10−18 level are certainly indicative.
With more and more UHECR events detected at the Pierre Auger Observatory over the
coming years, these Cherenkov bounds at the 10−18 level can be expected to improve on at
least two grounds. First, the availability of a larger number of events and further observables
in addition to Xmax will allow for more stringent cuts to obtain an essentially pure proton
11
sample, which would give a reduction factor of 162 in (12b).1 Second, higher energy events
will become available for the analysis, perhaps up to values of order E ∼ 3 × 1020 eV
(the current highest known energy [46]), which would give a further reduction factor of
approximately 103 in (12b).2 Combined, the Cherenkov bounds on the nine deformation
parameters αl can perhaps be reduced by a factor of order 105 to the 10−23 level in the next
decade.
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NOTE ADDED IN PROOF
The Pierre Auger Collaboration has recently published a list of 27 UHECR events with
energies above 57 EeV and accurate event directions, which were recorded over the period
1 January 2004 to 31 August 2007 [49]. In order to provide better coverage of the northern
celestial hemisphere, we add a 210 EeV event from the AGASA array [50] and the previously
mentioned 320 EeV event from the Fly’s Eye detector [46], both with reasonably accurate
arrival directions. The observed energies and directions of these 29 events can now be used
to sharpen bound (14) in terms of the square of the number a given by (12b).
In the absence of specific information on the chemical composition of all 29 events, we
simply takeMprim ≈ 16 GeV/c2. From these particular 29 UHECR events with an estimated
energy uncertainty of the order of 25%, the improved value for a is found to be given by
A ≡ anew ≈ 2× 10−19
(
Mprim
16 GeV/c2
)2
, (15)
which gives the 2σ excluded region DAexcluded as defined by 12a. With the 29 event directions
known explicitly, there is no assumption entering the corresponding 2σ bound (14) with
A2 on the right-hand side, apart from the uncertainty in the primary mass and the caveat
mentioned in Sec. II B.
1 If a sufficient number of 10 EeV cosmic-ray electrons could somehow be identified, there could be a further
reduction factor in (12b) of approximately (938/0.511)2 ≈ 3× 106 compared to the proton case.
2 The steeply falling flux spectrum and the expected suppression of protons from cosmologically distant
sources with energies above 6× 1019 eV [47, 48] present an experimental challenge for pushing the energy
to substantially higher values.
12
[1] S. Chadha and H.B. Nielsen, “Lorentz invariance as a low-energy phenomenon,” Nucl. Phys.
B 217, 125 (1983).
[2] D. Colladay and V.A. Kostelecky´, “Lorentz-violating extension of the standard model,” Phys.
Rev. D 58, 116002 (1998), arXiv:hep-ph/9809521.
[3] Q.G. Bailey and V.A. Kostelecky´, “Lorentz-violating electrostatics and magnetostatics,” Phys.
Rev. D 70, 076006 (2004), arXiv:hep-ph/0407252.
[4] V.A. Kostelecky´ and M. Mewes, “Signals for Lorentz violation in electrodynamics,” Phys.
Rev. D 66, 056005 (2002), arXiv:hep-ph/0205211.
[5] V.A. Kostelecky´ and M. Mewes, “Sensitive polarimetric search for relativity violations in
gamma–ray bursts,” Phys. Rev. Lett. 97, 140401 (2006), arXiv:hep-ph/0607084.
[6] (a) G. Saathoff et al., “Improved test of time dilation in special relativity,” Phys. Rev.
Lett. 91, 190403 (2003); (b) M.E. Tobar, P. Wolf, A. Fowler, and J.G. Hartnett, “New
methods of testing Lorentz violation in electrodynamics,” Phys. Rev. D 71, 025004 (2005),
arXiv:hep-ph/0408006; (c) M. Hohensee et al., “Erratum: New methods of testing Lorentz
violation in electrodynamics,” Phys. Rev. D 75, 049902 (2007), arXiv:hep-ph/0701252.
[7] (a) B. Odom, D. Hanneke, B. D’Urso, and G. Gabrielse, “New measurement of the electron
magnetic moment using a one-electron quantum cyclotron,” Phys. Rev. Lett. 97, 030801
(2006); (b) G. Gabrielse et al., “New determination of the fine structure constant from the
electron g value and QED,” Phys. Rev. Lett. 97, 030802 (2006); 99, 039902(E) (2007); (c)
C.D. Carone, M. Sher, and M. Vanderhaeghen, “New bounds on isotropic Lorentz violation,”
Phys. Rev. D 74, 077901 (2006), arXiv:hep-ph/0609150.
[8] (a) P.L. Stanwix et al., “Improved test of Lorentz invariance in electrodynamics using rotating
cryogenic sapphire oscillators,” Phys. Rev. D 74, 081101 (2006), arXiv:gr-qc/0609072; (b) H.
Mueller et al., “Relativity tests by complementary rotating Michelson-Morley experiments,”
Phys. Rev. Lett. 99, 050401 (2007), arXiv:0706.2031 [physics.class-ph].
[9] E.F. Beall, “Measuring the gravitational interaction of elementary particles,” Phys. Rev. D 1,
961 (1970), Sec. III A.
[10] S.R. Coleman and S.L. Glashow, “Cosmic ray and neutrino tests of special relativity,” Phys.
Lett. B 405, 249 (1997), arXiv:hep-ph/9703240.
[11] B. Altschul, “Vacuum Cˇerenkov radiation in Lorentz-violating theories without CPT viola-
tion,” Phys. Rev. Lett. 98, 041603 (2007), arXiv:hep-th/0609030.
[12] C. Kaufhold and F.R. Klinkhamer, “Vacuum Cherenkov radiation in spacelike Maxwell–
Chern–Simons theory,” Phys. Rev. D 76, 025024 (2007), arXiv:0704.3255 [hep-th].
[13] P. Bhattacharjee and G. Sigl, “Origin and propagation of extremely high energy cosmic rays,”
Phys. Rept. 327, 109 (2000), arXiv:astro-ph/9811011.
13
[14] T. Stanev, “Ultra-high-energy cosmic rays,” in: Proceedings of 32nd SLAC Summer Insti-
tute on Particle Physics (SSI 2004): Natures Greatest Puzzles, eConf C040802, L020 (2004),
arXiv:astro-ph/0411113.
[15] J. Abraham et al. [Pierre Auger Collaboration], “Properties and performance of the prototype
instrument for the Pierre Auger Observatory,” Nucl. Instrum. Meth. A 523, 50 (2004).
[16] J. Abraham et al. [Pierre Auger Collaboration], “An upper limit to the photon fraction in
cosmic rays above 1019 eV from the Pierre Auger Observatory,” Astropart. Phys. 27, 155
(2007), arXiv:astro-ph/0606619.
[17] C. Itzykson and J.-B. Zuber, Quantum Field Theory (McGraw–Hill, New York, 1980).
[18] L. Brillouin, Wave Propagation and Group Velocity (Academic, New York, 1960).
[19] J.D. Jackson, Classical Electrodynamics (Wiley, New York, 1975), second edition, Sec. 7.11.
[20] C. Adam and F.R. Klinkhamer, “Causality and CPT violation from an Abelian Chern–Simons-
like term,” Nucl. Phys. B 607, 247 (2001), arXiv:hep-ph/0101087.
[21] V.A. Kostelecky´ and R. Lehnert, “Stability, causality, and Lorentz and CPT violation,” Phys.
Rev. D 63, 065008 (2001), arXiv:hep-th/0012060.
[22] J. Bros and H. Epstein, “Microcausality and energy positivity in all frames imply Lorentz
invariance of dispersion laws,” Phys. Rev. D 65, 085023 (2002), arXiv:hep-th/0204118.
[23] J. Collins et al., “Lorentz invariance: An additional fine-tuning problem,” Phys. Rev. Lett.
93, 191301 (2004), arXiv:gr-qc/0403053.
[24] S. Bernadotte and F.R. Klinkhamer, “Bounds on length scales of classical spacetime foam
models,” Phys. Rev. D 75, 024028 (2007), arXiv:hep-ph/0610216.
[25] F.R. Klinkhamer, “Fundamental length scale of quantum spacetime foam,” JETP Lett. 86,
73 (2007), arXiv:gr-qc/0703009.
[26] R. Lehnert and R. Potting, “Vacuum Cˇerenkov radiation,” Phys. Rev. Lett. 93, 110402 (2004),
arXiv:hep-ph/0406128.
[27] R. Lehnert and R. Potting, “Cˇerenkov effect in Lorentz-violating vacua,” Phys. Rev. D 70,
125010 (2004), arXiv:hep-ph/0408285.
[28] C. Kaufhold and F.R. Klinkhamer, “Vacuum Cherenkov radiation and photon triple-splitting
in a Lorentz-noninvariant extension of quantum electrodynamics,” Nucl. Phys. B 734, 1
(2006), arXiv:hep-th/0508074.
[29] B. Altschul, “Cˇerenkov radiation in a Lorentz-violating and birefringent vacuum,” Phys. Rev.
D 75, 105003 (2007), arXiv:hep-th/0701270.
[30] C. Kaufhold, F.R. Klinkhamer, and M. Schreck, “Tree-level calculation of vacuum Cherenkov
radiation in isotropic nonbirefringent modified-Maxwell theory,” University of Karlsruhe Re-
port No. KA–TP–32–2007.
[31] G.N. Afanasiev, Vavilov–Cherenkov and Synchrotron Radiation: Foundations and Applications
(Kluwer Academic, Dordrecht, 2004), Sec. 7.2.
14
[32] B. Altschul, “Finite duration and energy effects in Lorentz-violating vacuum Cerenkov radia-
tion,” arXiv:0709.4478 [hep-th].
[33] M. Unger [Pierre Auger Collaboration], “Study of the cosmic ray composition above 0.4 EeV
using the longitudinal profiles of showers observed at the Pierre Auger Observatory,” presented
at the 30th International Cosmic Ray Conference, Merida, Mexico (2007), arXiv:0706.1495
[astro-ph].
[34] D. Heck et al., “CORSIKA: A Monte Carlo code to simulate extensive air showers,” Report
FZKA 6019, Forschungszentrum Karlsruhe (1998).
[35] N.N. Kalmykov, S.S. Ostapchenko, and A.I. Pavlov, “Quark-gluon string model and EAS
simulation problems at ultra-high energies,” Nucl. Phys. B (Proc. Suppl.) 52, 17 (1997).
[36] R. Engel, T.K. Gaisser, P. Lipari, and T. Stanev, “Air shower calculations with the new
version of SIBYLL,” in Proceedings of the 26th International Cosmic Ray Conference, Salt
Lake City, UT, edited by B.L. Dingus et al., AIP Conference Proceedings 516 (AIP, Melville,
NY, 1999), Vol. 1, p. 415.
[37] M. Risse and P. Homola, “Search for ultra-high energy photons using air showers,” Mod. Phys.
Lett. A 22, 749 (2007), arXiv:astro-ph/0702632.
[38] P. Homola et al., “Simulation of ultra-high energy photon propagation in the geomagnetic
field,” Comput. Phys. Commun. 173, 71 (2005), arXiv:astro-ph/0311442.
[39] T. Pierog, R. Engel, and D. Heck, “Impact of uncertainties in hadron production on air-shower
predictions,” Czech. J. Phys. 56, A161 (2006), arXiv:astro-ph/0602190.
[40] M. Takeda et al. [AGASA Collaboration], “Small-scale anisotropy of cosmic rays above
1019 eV observed with the Akeno Giant Air Shower Array,” Astrophys. J. 522, 225 (1999),
arXiv:astro-ph/9902239.
[41] L.A. Anchordoqui et al., “Full-sky search for ultrahigh-energy cosmic ray anisotropies,” Phys.
Rev. D 68, 083004 (2003), arXiv:astro-ph/0305158.
[42] R. Abbasi et al. [HiRes Collaboration], “Search for global dipole enhancements in the HiRes–I
monocular data above 1018.5 eV,” Astropart. Phys. 21, 111 (2004), arXiv:astro-ph/0309457.
[43] S. Mollerach [Pierre Auger Collaboration], “Studies of clustering in the arrival directions of
cosmic rays detected at the Pierre Auger Observatory above 10 EeV,” presented at the 30th
International Cosmic Ray Conference, Merida, Mexico (2007), arXiv:0706.1749 [astro-ph].
[44] E. Armengaud [Pierre Auger Collaboration], “Search for large-scale anisotropies with the
Auger Observatory,” presented at the 30th International Cosmic Ray Conference, Merida,
Mexico (2007), arXiv:0706.2640 [astro-ph].
[45] J.A. Bellido [Pierre Auger Collaboration], “Performance of the fluorescence detectors of the
Pierre Auger Observatory,” in: Proceedings of the 29th International Cosmic Ray Confer-
ence, Pune, India (Tata Institute of Fundamental Research, Mumbai, 2005), Vol. 7, p. 13,
arXiv:astro-ph/0508389.
15
[46] D.J. Bird et al., “Detection of a cosmic ray with measured energy well beyond the ex-
pected spectral cutoff due to cosmic microwave radiation,” Astrophys. J. 441, 144 (1995),
arXiv:astro-ph/9410067.
[47] K. Greisen, “End to the cosmic ray spectrum?” Phys. Rev. Lett. 16, 748 (1966); G.T. Zatsepin
and V.A. Kuzmin, “Upper limit of the spectrum of cosmic rays,” JETP Lett. 4, 78 (1966).
[48] M. Roth [Pierre Auger Collaboration], “Measurement of the UHECR energy spectrum us-
ing data from the Surface Detector of the Pierre Auger Observatory,” presented at the 30th
International Cosmic Ray Conference, Merida, Mexico (2007), arXiv:0706.2096 [astro-ph].
[49] J. Abraham et al. [Pierre Auger Collaboration], “Correlation of the highest-energy cosmic
rays with the positions of nearby active galactic nuclei,” Astropart. Phys. 29, 188 (2008),
arXiv:0712.2843v1 [astro-ph].
[50] N. Hayashida et al., “Observation of a very energetic cosmic ray well beyond the predicted
2.7–K cutoff in the primary energy spectrum,” Phys. Rev. Lett. 73, 3491 (1994).
16
